Background and objective: Vitamin D has been linked to brain function. To date, there have been limited studies investigating vitamin D receptor (VDR) genetic polymorphisms and cognition. The objective of this study was, therefore, to examine whether any relationships exist between VDR polymorphisms and cognitive decline in an elderly population.
Introduction
Vitamin D receptor (VDR) is a member of the nuclear receptor superfamily and participates in a number of diverse biological actions, due to its distribution in almost all organs and tissues. This expression pattern includes the brain, where VDR expression has been detected in the hypothalamus, hippocampus, cortex and subcortical regions, 1,2 which are essential for cognition. The active form of vitamin D, 1,25(OH) 2 D 3 , plays an important role in neuronal differentiation and maturation by controlling the synthesis of neurotrophic agents, 1, 3 and also by regulating the expression of numerous genes involved in neurotransmitter synthesis, predomi-nantly in the hippocampus (Fig. 1) . 4, 5 The VDR is well known for modulating the transcription of genes encoding proteins that execute the "classic" genomic functions of vitamin D for skeletal and mineral homeostasis. However, it also regulates the expression of several genes that mediate "nonclassical" actions in non-calcemic tissues. Many of these "nonclassical" actions are associated with decreased risk for disorders associated with ageing, including those linked to the nervous system. 6, 7 The elderly are particularly at risk for a number of degenerative disorders related to low serum calcidiol (25(OH)D 3 ) levels. This is due to a decrease in ultraviolet radiation (UVR) exposure as a consequence of changes in lifestyle, particularly a decline in outdoor activity. 8 Diet can also become less varied with age, resulting in low intake of vitamin D content. 9 Most significant, however, is a decrease in the ability to synthesise cutaneous vitamin D after UVR exposure-a result of atrophic changes in the skin and a reduced level of the vitamin D precursor, 7-dehydrocholesterol. 10 Investigation of the impact of vitamin D deficiency on the ageing brain is critical, with evidence linking low vitamin D status with poorer outcomes on one or more cognitive function tests, 11,12 or a higher frequency of dementia, 13 mood disorders, 14 cognitive decline and Alzheimer's disease (AD).
15-17
The VDR gene is located on chromosome 12 (12q13.11) and contains several known polymorphisms. VDR-ApaI (G>T substitution) and VDR-BsmI (A>G substitution) are restriction fragment length polymorphisms (RFLPs) located at the intron between exon 8-9, and are considered to be silent single nucleotide polymorphisms (SNPs) as they do not change the amino acid sequence of the encoded VDR protein. 15, 16 They may, however, alter gene expression through regulation of messenger RNA. 16,17 VDR-TaqI (T>C substitution) is a RFLP in exon 9, while the VDR-FokI polymorphism (T>C substitution) is situated at the start of the codon in exon 2 of the VDR gene. 18 The VDR-Tru91 (G>A substitution) located within the intron 8 region has been studied to a lesser extent. 16, 19 Other polymorphisms in the 1A promoter region, including VDR-Cdx2, VDR-A1012G and VDR-G1520C, have also recently been reported. 20 The objective of this study was to examine the relationship between eight vitamin D-related genetic polymorphisms and cognitive decline in an elderly cohort. Furthermore, dietary intake of vitamin D and other related markers were analysed to determine their influence on cognition.
Methods

Study design
A total of 650 participants (287 males and 363 females, aged 65-95 years) living independently in either a retirement village or within the community on the Central Coast, New South Wales were assessed for the prevalence of eight VDR genetic polymorphisms, dietary intake of vitamin D, and cognitive ability using the mini-mental state examination (MMSE). Following screening, all dementia participants were excluded from the study.
Informed consent was obtained from all participants prior to study participation. This cross-sectional study was approved by the University of Newcastle Human Research Ethics Committee (H-2008-0431), and the Occupational Health and Safety Committee (28.2009 ). The study was fully compliant with the Helsinki Declaration. The data used in the present study formed part of a larger Retirement Health and Lifestyle Study (RHLS) funded by an Australian Research Council Linkage Project 
DNA analysis
VDR gene variants were examined using polymerase chain reaction (PCR) to amplify blood DNA, followed by RFLP analysis and gel electrophoresis. Initially, a QIAamp DNA blood mini-kit was used to extract DNA from whole blood using the QIAamp blood and body fluid spin protocol. 21 The optimal PCR reaction mixture and temperature varied for each polymorphism examined. Table 1 provides the thermal cycling conditions for each VDR polymorphism, whilst Table 2 19,22-26 gives the primer sequence details for VDR-ApaI, VDR-BsmI, VDR-TaqI, VDR-FokI, VDR-Tru91, VDR-Cdx2, VDR-A1012G and VDR-NIaIII. RFLP was performed following PCR amplification, as described in Table 3 . VDR-Cdx2 requires a nested primer allele-specific strategy for genotype scoring, eliminating the need for enzyme digestion. Examples of each genotype for each VDR polymorphism can be seen in Figure 2 .
MMSE
The MMSE is a screening tool used to assess dementia, and fo- Table 3 for further information on banding patterns.
Martin
The degree and significance of an allele as a risk factor for a given biochemical/clinical phenotype was ascertained using an odds ratio (OR) and associated 95% confidence interval (CI). The cognitive decline phenotype was defined as nominal data, and stepwise regression was used to create the best model, for subsequent nominal logistic regression analysis. Stepwise regression was performed in a mixed direction with significant probability [0.250] for a parameter to be considered as a forward step and entered into the model or considered as a backward step and removed from the model. Mallow's Cp criterion was used for selecting the model where Cp first approaches p variables. R 2 is reported and is the proportion of the variation in the response that can be attributed to terms in the model as opposed to random error. While an initial alpha level of 0.05 was set, Bonferroni corrections for multiple comparisons were also applied. Data is reported after adjusting for age and sex in analyses where stepwise regression modelling was used.
Results
Descriptive data for all subjects with and without cognitive decline is provided in Table 4 , while the distribution of cognitive decline by age quartiles for each sex is given in Table 5 . Seventy-three participants (11%) were found to exhibit some degree of cognitive decline based on their MMSE score. When examined by age quartiles, the proportion of participants with cognitive decline was highest in males in the 65-72 year-old group (15.2%) and the 73-80 year-old group (11.3%), and highest in females in the 81-88 year-old group (15.9%) and 89-95 year-old groups (28.6%) ( Table  5) . Total vitamin D intake (diet + supplements) was similar for participants with or without cognitive decline. Table 6 presents the genetic distribution of each vitamin D-related polymorphism for the cognitive decline phenotype, and gives the genotype prevalence (%), allele number (frequency) and carriage of polymorphic allele (%). An OR and associated 95% CI were calculated to assess the degree of significance of risk for each of the vitamin D-related gene polymorphisms in relation to cognitive decline. Table 6 also shows that the VDR-BsmI and VDR-TaqI polymorphic alleles were both associated with an increased risk of cognitive decline (OR = 1.55, 95% CI: 1.08-2.22 and OR = 1.49, 95% CI: 1.04-2.14, respectively).
Multivariate analyses of all vitamin D-related genetic polymorphisms using stepwise regression showed a significant relationship between VDR-TaqI and MMSE (p = 0.0014; R 2 = 0.0292). When adjusted for age and sex, the relationship between VDR-TaqI and MMSE remained significant (p = 0.0004; R 2 = 0.0473). Both results upheld their significance following a Bonferroni correction. To further examine the significant relationship between VDR-TaqI and MMSE, the percentage of participants with cognitive decline for each genotype was calculated. Figure 3 shows that the highest percentage of participants with some degree of cognitive decline was amongst those with the homozygous recessive tt genotype (24%).
Nominal logistic regression analysis was used to examine the relationships between other variables and MMSE score, independent of genetic influence. Results showed a significant inverse association between age and MMSE score (p = 0.0145; R 2 = 0.0131; slope estimate = −0.0180), and when examined by sex, a significant relationship was shown between age and MMSE for females (p ≤ 0.0001; R 2 = 0.0865; slope estimate = −0.1160) but not males.
Discussion
The present study examined the relationship between VDR polymorphisms and cognition in 650 elderly participants using the MMSE to assess their degree of cognitive decline. An OR analysis showed that both the VDR-BsmI and VDR-TaqI polymorphic alleles increased the risk of cognitive decline and that the VDRTaqI genetic polymorphism was also significantly associated with MMSE score. The percentage of participants with some degree of cognitive decline was highest amongst those with the VDR-TaqI homozygous recessive tt genotype (24%).
Vitamin D is important for brain and other physiological functions, and plays an important role in the biosynthesis of neuro- 30 and a vitamin D deficiency may contribute to seasonal affective disorder. Additionally, evidence has shown a link between low vitamin D status and mood disorders, accompanied with poor cognitive function. 31 Balion et al. 32 conducted a systematic review and meta-analysis to examine the association between vitamin D, cognitive function and MMSE score;
overall, it was found that lower vitamin D concentrations were associated with poorer cognitive scores and higher AD risk. In the present study, no associations were found between dietary vitamin D intake and MMSE score.
Research surrounding VDR polymorphisms and cognition have mostly focused on AD, 33,34 and to a lesser extent cognitive decline. 35 In one study, a meta-analysis found associations between VDR polymorphisms and AD and Parkinson's disease (PD) susceptibility. 36 Other findings include a significant association between the VDR-TaqI "T" allele and AD susceptibility (OR = 0.735, 95% CI: 0.596-0.907), 36 while in a further study the VDRApaI A allele and AA genotype increased the risk of mild cognitive impairment (MCI) (OR = 1.62, 95%CI: 1.13-2.31 and OR = 3.49, 95% CI: 1.570-7.740, respectively). 24 The results also showed that the variant B allele of VDR-BsmI increased the risk of MCI (OR = 1.94, 95% CI: 1.240-3.050). 37 Najmi Varzaneh et al. 38 found the VDR-FokI was significantly associated with cognitive function following assessment using the MMSE. Examination of cognitive function amongst FokI genotypes showed "FF" participants had a higher cognitive score compared with "ff" participants. 38 Similar findings were shown for FokI in a recent longitudinal study by Gatto et al. 39 This study examined VDR polymorphisms with PD using the MMSE, and found that for each additional copy of the FokI-A allele (also referred to as the "f" allele) an associated decrease in the total MMSE score occurred. Furthermore, their results indicated that participants with the AA genotype (also referred to as "ff" genotype) had a faster decline in cognitive function than participants with other VDRFokI genotypes. No significant association was found between any other VDR polymorphism and PD in this study based on a level of significance of p < 0.05. 39 Another study involving elderly subjects found significant associations between VDR-BsmI, VDR-TaqI and a low composite cognitive score (calculated by averaging the scores of other cognitive (73) 13 (18) 138 (24) 1 (1) 16 (3) 131 ( Martin C. et al: Vitamin D and cognitive decline Explor Res Hypothesis Med function tests) but not with a low MMSE score. 40 Additionally, a significant association was observed between VDR-ApaI and less depressive symptoms based on the Geriatric Depression Scale. 40 Since vitamin D was the nutrient of particular interest, blood 25(OH)D 3 measurements would have provided further details surrounding the vitamin D status of participants. This is therefore a limitation in the present study.
Future research directions
Further research is necessary to either confirm or refute the presently observed associations of VDR gene variants with cognitive decline as measured using the MMSE scale. By obtaining a more thorough understanding of VDR variants and their influence on risk of cognitive decline, new insights into the underlying pathophysiology of cognitive decline and development of possible intervention and treatment strategies will emerge. These may include the screening of particular VDR polymorphisms as part of a routine health check and the use of supplemental vitamin D at a younger age. Based on the preliminary results of this study, we hypothesize that the use of vitamin D as a potential preventative agent in cognitive decline will reduce the impact this degenerative disorder currently has on our health system.
Conclusions
Our results show that the VDR-BsmI and VDR-TaqI polymorphisms are associated with cognitive decline in an elderly population. Since the elderly are particularly at risk for a number of degenerative disorders related to low serum 25(OH)D 3 levels, including cognitive decline, further exploration of the influence of VDR gene variants is necessary to reveal the full extent of potential interactions.
